Stroke is the leading cause of disability in developed countries. However, no treatment is available beyond 3 h post-ictus. Here, we report that nuclear translocation of PTEN (phosphatase and tensin homolog deleted on chromosome TEN) is a delayed step causatively leading to excitotoxic (in vitro) and ischemic (in vivo) neuronal injuries. We found that excitotoxic stimulation of N-methyl-D-aspartate (NMDA) resulted in PTEN nuclear translocation in cultured neurons, a process requiring mono-ubiquitination at the lysine 13 residue (K13), as the translocation was prevented by mutation of K13 or a short interfering peptide (Tat-K13) that flanks the K13 residue. More importantly, using a rat model of focal ischemia, we demonstrated that systemic application of Tat-K13, even 6 h after stroke, not only reduced ischemia-induced PTEN nuclear translocation, but also strongly protected against ischemic brain damage. Our study suggests that inhibition of PTEN nuclear translocation may represent a novel after stroke therapy.
Introduction
Although numerous experimental studies have consistently demonstrated that overactivation of N-methyl-D-aspartate (NMDA) receptors (NMDARs) at least partially contributes to excitotoxic/ ischemic neuronal damage after stroke (Lucas and Newhouse, 1957; Olney, 1969; Rothman, 1983 Rothman, , 1984 Simon et al., 1984; Lipton and Rosenberg, 1994; Aarts et al., 2002; Arundine and Tymianski, 2004; Lai et al., 2011) , the results of clinical trials testing NMDAR antagonists have proven underwhelming (Albers et al., 1995 (Albers et al., , 1999 (Albers et al., , 2001 Davis et al., 2000) . Although the underlying reasons for this apparent contradiction between basic research results and clinical trials are still unknown, a number of explanations have been postulated, including the short therapeutic time-window of NMDAR antagonists and the significant side effects of these antagonists due to the blockade of the NMDAR's normal functions (Gladstone et al., 2002; Ikonomidou and Turski, 2002; Roesler et al., 2003; Lo, 2008) . Therefore, instead of focusing on the receptor, our research instead centers on identifying new molecules and/or pathways downstream of NMDARs specifically involved in mediating excitotoxic/ischemic neuronal death signaling cascades. By focusing our efforts on these targets, we hope to develop new therapeutics possessing a strong poststroke neuroprotective action, a wider efficacy window, and with greatly reduced side effects.
Phosphatase and tensin homolog deleted on chromosome TEN (PTEN), a dual lipid/protein phosphatase previously identified as an important tumor suppressor Steck et al., 1997; Maehama and Dixon, 1998; Stambolic et al., 1998) , has recently been implicated in contributing to neuronal damage after excitotoxic/ischemic insults (Gary and Mattson, 2002; Ning et al., 2004) ; however, the underlying mechanisms remain poorly characterized. PTENЈs tumor-suppressive properties are mainly dependent on its lipid phosphatase activity, which antagonizes the cell-survival promoting PI3K/Akt signaling pathway by dephosphorylation of phosphatidylinositol 3,4,5-trisphosphate (PIP 3 ) (Maehama and Dixon, 1998; Stambolic et al., 1998) . As such, a reduction or loss of PTENЈs lipid phosphatase activity has been linked to carcinogenesis in numbers of cancers, including brain, breast, and prostate cancer (Li et al., 1997; Steck et al., 1997; Myers et al., 1998). Interestingly, several recent cancer studies identified two PTEN mutants (K13E and K289E), which retain Primary culture of cortical/hippocampal neurons. Pregnant Sprague Dawley rats (E18) were killed by overdosing with 3.5 ml of a 25% urethane solution. Using a dissecting scope, the cortex or hippocampi were isolated and digested with 2-4 ml of prewarmed 0.25% trypsin-EDTA (37°C for 30 min). Then, the dissociated cells were washed with warm DMEM (with 10% FBS) three times, followed by gentle pipetting to ensure a single cell suspension. Next, the cells were resuspended in NP media, counted using a hemocytometer, and plated onto poly-D-lysinecoated culture dishes at a density of 6.0 ϫ 10 6 per dish (100 mm), 4.0 ϫ 10 5 per well (12-well plate), or 2.0 ϫ 10 5 per well (24-well plate). The cells were cultured in a 37°C incubator with 95% O 2 and 5% CO 2 . At day 2 in vitro, 1 ⁄3 NP media was replaced by equal volume of NF media. Media swap was performed every 4 d until cells were used for experiments.
NMDA-induced excitotoxicity. Primary cultures of mature cortical/ hippocampal neurons (12-14 DIV) were used in this study. Preliminary tests showed that both cortical and hippocampal neurons reveal very similar results in response to NMDA challenge. Specifically, hippocampal neurons were used in the immunocytochemical experiments, as it is easier to distinguish them from glia cells, whereas cortical neurons were used to provide sufficient material for biochemical experiments. Immediately before NMDA treatment, half of the conditioned medium was taken out and saved for further use. Neurons were stimulated with 25 m NMDA through bath application, along with other drug/peptide treatments as specified in each individual experiment. After 60 min incubation with NMDA, neurons were washed once with fresh neural basal medium, and then returned to the previously saved conditional medium. Neurons were allowed to recover for different periods of time, ranging from 0 to 24 h until further experiments.
Immunocytochemistry (immunostaining) . All imaging experiments were performed double-blind. Neurons cultured on coverslips (in 12-well or 24-well plates) were fixed with 4% paraformaldehyde for 30 min at room temperature, and then incubated with DNA dye (1 g/ml) for 20 min at room temperature. After three times washing with PBS, the coverslips were mounted onto slides with ProLong Gold mounting medium (Life Technologies). In Figures 1A and 2C , four visual fields were randomly selected from each coverslip and imaged with a Leica DMIRE2 fluorescence microscope (20ϫ magnification lens, air) and Openlab imaging software (PerkinElmer). The number of apoptotic nuclei and total nuclei were counted, respectively. The condensed or fragmented nuclei were regarded apoptotic, whereas the large and round nuclei were counted as healthy ones. In Figure 1H , only neurons with GFP fluorescence (an indicator of successful transfection, 63ϫ magnification lens, oil) were included in neuronal death evaluation. The neuronal death was expressed as a ratio (%) between the number of apoptotic nuclei and that of total nuclei. In Figure 2A , the region of the nucleus was defined by overlapping each GFP-PTEN image with its corresponding nucleus DAPI image (63ϫ magnification lens, oil). Nuclear GFP-PTEN and cytoplasmic GFP-PTEN signals were quantified separately by drawing irregular circles around corresponding areas and reading the mean GFP intensities with NIH ImageJ software. The relative nuclear GFP-PTEN level in each neuron was expressed as a ratio between the intensity of nuclear GFP-PTEN and that of cytoplasmic GFP-PTEN from the same cell.
Lactate dehydrogenase assay. Lactate dehydrogenase (LDH) is a cytoplasmic enzyme that can convert nicotinamide adenine dinucleotide (NAD) into NADH (the reduced form). LDH is released from cells into culture medium when the plasma membrane integrity is compromised. Therefore, the amount of released LDH represents the degree of cell death. In this study, the extracellular LDH level was measured using an in vitro toxicology assay kit obtained from Sigma-Aldrich (no. TOX-7). The basis of this LDH assay is as follows: (1) LDH reduces NAD into NADH, (2) the resulting NADH is then used in the stoichiometric conversion of a tetrazolium dye, and (3) the resulting colored compound is measured by a spectrophotometric microplate reader at a wavelength of 490 nm. The cell death rate was expressed as a ratio (%) between the absorbance of the treated group and that of the control group.
Nuclei fractionation. Cytoplasm/nuclei fractionation was performed on cultured cortical neurons (6.0 ϫ 10 6 cells/100 mm dish) or brain tissues by using the Panomics nuclear extraction kit (catalog #AY2002).
The purity of different cellular fractions was confirmed by probing each fraction for corresponding subcellular marker proteins. As shown in Figure 1C , the cytoplasmic marker heat shock protein 90 (Hsp90) primarily localized in the cytoplasmic fraction, whereas the nuclear marker lamin B1 mainly resided in the nuclear fraction, confirming the success of nuclear fractionation.
Western blotting (immunoblotting) . Samples consisting of the same amount of total protein (40 g)were boiled with 4ϫ sample buffer at 95°C for 5 min. The samples were then separated on 10% SDS-PAGE gels and transferred onto polyvinylidene difluoride (PVDF) membranes. To block nonspecific background, the membranes were incubated with 5% fat-free milk for 1 h at room temperature. The target proteins were immunoblotted with primary antibody (overnight at 4°C) and then with corresponding HRP-conjugated secondary antibody (1 h at room temperature). For sequential blotting, the membranes were stripped with stripping buffer, and probed with another antibody. The blots were developed by enhanced chemiluminescence detection system (GE Healthcare), and imaged by Bio-Rad ChemiDoc XRSϩ system. The intensities of interested bands (raw data) were quantified using Bio-Rad Quantity One software. If the interested bands were too faint to be viewed, we would adjust the contrast (gamma is never changed) to reveal the bands accordingly. However, such a change in band contrast has no effect on our data quantification as the Quantity One software only analyses the raw data, and not the post-adjusted image. The relative level of target protein is expressed as the percentage between intensity of target protein and that of marker protein on the same blot, such as cytoplasmic marker Hsp90, and nuclear markers including HDAC1, TBP, NeuN, and lamin B1.
Dot blotting. Nuclear extracts were spotted onto nitrocellulose (NC) membranes using Bio-Rad microfiltration apparatus, as instructed by Figure 1 . Excitotoxic NMDA stimulation increases PTEN nuclear translocation in cultured neurons. A, B, Bath application of NMDA (25 m for 1 h, plus 6 h recovery) produced significant neuronal death, as evidenced by the increased numbers of neurons displaying condensed/fragmented nuclei. Scale bar, 20 m. (Fig. 2C , for quantification) and the elevated extracellular levels of LDH (B, n ϭ 7 culture dishes per group, from 7 independent experiments). The enhanced LDH release could be completely blocked by coapplication of the NMDAR antagonist AP5 (50 M). C, Western blotting of the cytoplasmic and nuclear fractions showed that NMDA stimulation (25 m for 1 h, plus 6 h recovery) enhanced PTEN translocation into the nucleus, a process that could be inhibited by AP5 (50 M). We confirmed the quality of the cytoplasm/nuclei fractionation by sequentially reprobing the blots with cytoplasmic marker Hsp90 and nuclear marker lamin B1. Bar graph at the bottom summarizes data from four independent experiments. D, Western blotting of the nuclear (N-PTEN) and cytoplasmic (C-PTEN) fractions demonstrated that this enhanced PTEN nuclear translocation is primarily mediated by NR2B-containing NMDARs (NR2BRs), as this process could be blocked by NR2B antagonist Ro25-6981 (Ro; 0.5 M), but not with NR2A-containing NMDAR preferring antagonist NVP-AAM077 (NVP; 0.4 M). E, Sequential probing of nuclear fractions for PTEN (N-PTEN) and nuclear marker (TBP) showed that the NMDA-induced PTEN nuclear translocation was time-dependent, reaching a peak 6 -9 h after stimulation and returning to baseline levels within 24 h; n ϭ 2 culture dishes per group, from two independent experiments. It is worth noting that the time course of NMDA-induced PTEN nuclear translocation is slightly different from that induced by ischemia (Fig. 3A) , probably due to different stimulation intensity. F, Sequential dot blotting of nuclear fractions for PIP 3 (N-PIP 3 ) and nuclear protein NeuN (NeuN) revealed that the NMDA stimulation (25 m for 1 h, plus 6 h recovery) caused a marked drop in the nuclear levels of PIP 3 , the major physiological substrate of PTEN; n ϭ 5 culture dishes per group. G, Sequential blotting of nuclear fractions for phospho-Akt Ser473 (N-p-Akt) and total Akt (N-total Akt) revealed that the NMDA treatment (25 m for 1 h, plus 9 h recovery) caused a dramatic reduction in the nuclear levels of phospho-Akt Ser473 ; n ϭ 3 culture dishes per group. H, Nuclear PTEN activity is critical for NMDA-induced neuronal damage. Images (left) and quantification of neuronal death (right) revealed that NMDA-induced neuronal death, assayed by nuclear condensation at 6 h after NMDA stimulation (25 m for 1 h), was significantly reduced by overexpression of nucleus-targeted phosphatase-dead PTEN mutant (NLS-GFP-PTEN C124S ), but not by overexpression of either GFP or nucleus-targeted wild-type PTEN (NLS-GFP-PTEN WT ); n ϭ 12 culture wells in each group, 25 neurons in each culture well were counted, from three independent experiments. Scale bar, 20 m. Bars represent the group means, and error bars represent SD. Post hoc analysis compares treatment groups with control group after significant one-way ANOVA or Kruskal-Wallis on ranks, and significance is defined as *p Ͻ 0.05, **p Ͻ 0.01.
Figure 2.
Critical role of PTEN K13 in NMDA-induced PTEN nuclear translocation and neuronal death in cultured neurons. A, K13, but not K289, residue of PTEN is critically important for PTEN nuclear accumulation in neurons. Images (top panels) and nuclear fluorescent intensity qualification (bottom bar graph; n ϭ 33 cells per group, from three independent experiments) demonstrated that the GFP signal of GFP-PTEN K13R mutant was predominantly cytoplasmic, being excluded from the nucleus, whereas the GFP signal of either wile type PTEN (GFP-PTEN WT ) or K289R mutant (GFP-PTEN K289R ) exhibited a relatively even distribution in both nuclear and cytoplasmic compartments. Scale bar, 20 m. B, Pretreatment of cultured neurons with interfering peptide Tat-K13 (10 M), but not Tat-K289 (10 M), completely blocked the NMDA-stimulated PTEN nuclear translocation as demonstrated by immunoblotting of nuclear fractions (n ϭ 4 culture dishes per group, from four independent experiments). Nuclei fractionation was performed at 6 h after NMDA stimulation (25 m for 1 h). C, D, Tat-K13 prevents NMDA-induced excitotoxicity. (Figure legend continues.) the manufacturer. The NC membranes were blocked with 5% bovine albumin for 60 min at room temperature, washed three times with TBS-T, then probed with an anti-PIP 3 antibody, followed by HRPlabeled secondary antibody. Visualization of the immunoreactive spots was achieved using a chemiluminescent detection system similar to the above Western blotting method, whereas densitometric analysis was performed using NIH ImageJ software. The NC membranes were later stripped and reprobed for nuclear protein NeuN as a loading control.
PTEN phosphatase activity assay. The PTEN phosphatase activity assay was performed in a 96-well flat-bottom clear plate using a commercially available Malachite Green Phosphatase Assay Kit (K-1500, Echelon). The phosphate standards (0 ϳ 3 nmol/well), assay controls [buffer control, PI(3,4,5)P 3 (PIP 3 ) only control and PTEN-only control], and PTEN reactions were setup in triplicates. GST-PTEN (100 ng per assay) was added, without or with either peptide Tat-K13 (10 M) or Tat-K289 (10 M), to the assay buffer containing substrate PIP 3 (3 nmol per assay) to initiate the reaction. The reaction was allowed to proceed for various periods of 10, 40, or 80 min at 37°C and then terminated with 100 l of malachite green solution. The green color (free phosphate) was allowed to develop for 20 min at room temperature. The absorbance for the free phosphate was measured at 620 nm in a plate reader. The standard curve was drawn with absorbance (620 nm) on the y-axis and phosphate (nmol) on the x-axis. A best-fit curve (Y ϭ A ϩ B ϫ X ϩ C ϫ X 2 ) was generated by using polynomial second order nonlinear regression analysis. The concentration of free phosphate in each reaction or control was determined by interpolation from the standard curve. The PTEN phosphatase activity was determined by subtracting the background phosphate (average free phosphate value from the "substrate-only" controls) from the phosphate release by PTEN phosphatase action.
Primary culture transfection. Mature hippocampal neurons (10 -12 DIV) cultured on coverslips were transfected with target DNA using ProFection Mammalian Transfection System-Calcium Phosphate (Promega, PRE1200). Following transfection, neurons were returned to the incubator for an additional 48 h until further experiments.
Cerebral ischemia. All animals used in the study were housed, cared for, and used experimentally in accordance with the protocols approved by the Ethical Committee for Animal Research at China Medical University Hospital, Taiwan. Adult male Sprague Dawley rats weighting ϳ200 g were anesthetized, and the middle cerebral artery (MCA) was exposed by making a craniotomy window (2 mm in diameter) 1 mm rostral to the anterior junction of the zygoma and the squamosal bone. The exposed MCA was ligated with a square knot using a 10-0 nylon suture. Next, the bilateral common carotid arteries (CCAs) were clamped with nontraumatic arterial clips. Successful surgery was confirmed by a marked drop in regional cerebral blood flow, monitored by a laser Doppler flowmeter (PF-5010, Periflux system; Perimed AB). Moreover, the core body temperature was monitored with a thermometer probe (Hewlett-Packard Model 21090A probe), and maintained at 37.0 Ϯ 0.5°C with a heating pad. Both blood pressure and blood gas levels were also monitored during the experiment. After 90 min ischemia, the suture and clips were removed to allow instant reperfusion. Experimental rats were subdivided into several groups to receive different treatments of interfering peptides (Tat-K13, Tat-K13R, or Tat-K289 at a dosage of 10 mg/kg) or saline via femoral vein injection. The first bolus of Tat-K13 was administered at either 2 or 6 h after stroke onset, whereas Tat-K13R, Tat-K289, and saline were given at 2 h after stroke onset. To achieve the optimal outcome, another two doses of peptides were administered on the second and third days, respectively. Rats were then allowed to recover for different periods of time until additional experiments.
Magnetic resonance image. The rats were anesthetized and the body temperature was kept at 37.0 Ϯ 0.5°C with a heating pad during imaging process. The T2-weighted spin-echo imaging sequence (T2WI) was performed by the 3.0 T General Electric imaging system (R4, GE) with the following parameters: repetition time, 4000 ms; echo time, 105 ms; 6 -8 contiguous coronal slices with each 2 mm thick. At this stage of stroke development (7 d post-ischemia), brain infarct manifests as high signal (bright white) on the magnetic resonance image (MRI) images. The noninfarct areas were drawn manually from slice to slice and the volumes were measured with Voxtool analysis software (General Electric). The infarct size was quantified by subtracting the noninfarct volume of the ischemic hemisphere from the total volume of the contralateral hemisphere.
[ 18 F-FDG synthesis system (Nihon Kokan) at China Medical University and Hospital, Taiwan. The positron emission tomography (PET) scanning was performed by a high-resolution small-animal PET scanner (microPET, Rodent R4, Concorde Microsystems) with the system parameters described previously (Carmichael et al., 2004) . At day 7 post-stroke surgery, rats were anesthetized and fixed in a customized stereotactic head holder in the microPET scanner. The rats were then given a bolus intravenous injection of 18 F-FDG (200 -250 Ci/rat) dissolved in 0.5 ml of saline. Immediately following the 18 F-FDG administration, rats were subjected to PET scanning for 60 min using a 3-D acquisition protocol (Shyu et al., 2008) . Data collected were analyzed by Interactive Data Language (IDL) ver. 5.5 (Research Systems) and ASIPro ver. 3.2 (Concorde Microsystems). Last, the deficit of brain glucose metabolic activity was expressed using the following formula: [1-ipsilateral hemisphere signal/contralateral hemisphere signal] ϫ 100%.
Neurological behavioral tests. Three typical sensorimotor deficit assessments were designed to evaluate the functional recovery of neural circuits damaged by ischemic insult. They are the biased body swing test, locomotor activity test, and grip strength test. Biased body swing test is a measurement of body asymmetric motor behavior. It was performed by elevating the rat by its tail and counting the frequency of its swing behavior. Previous studies revealed that ischemic rats exhibit a significantly biased swing activity with the direction contralateral to the ischemic side, whereas the native rats have no preference for either side. Therefore, the frequency of the biased swing activity may represent the degree of neurological deficits caused by ischemic stroke. The detailed experimental design is as follows. The rat was lifted to ϳ1 inch above the floor by its tail. One swing behavior was counted when the rat moved its head Ͼ10°from the vertical axis to either the contralateral side or ipsilateral side of ischemia. Twenty continuous swings were counted in total, and the percentage of recovery was normalized using the following formula: percentage recovery ϭ [1 Ϫ (No. of contralateral swings Ϫ 10)/10] ϫ 100%. Locomotor activity of the ischemic rats was monitored using the VersaMax Animal Activity Monitor obtained from Accuscan Instruments. The monitor has 16 horizontal x-y and eight vertical z infrared sensors spaced 2.5 cm apart. The vertical sensors were situated 10 cm from the floor of the chamber. The ischemic rat was placed in the recording chamber at night, and its vertical movement time (seconds) was automatically recorded by computer when the infrared beams were broken by its movement over a 2 h period. The length of its vertical movement represents the recovery of locomotor circuits injured by ischemic stroke. Grip strength is another index for testing motor functions. It was recorded by a grip strength meter manufactured by TSE Systems. Briefly, the rat was mounted onto the grip sensor and pulled backwards gently by its tail with a continuous movement. Naturally, the rat clung to the grip sensor firmly to resist the pull until it could no longer hold on and let it go. The maximum force at which the animal released the grip was recorded by the grip strength meter. Twenty pulls were performed for both left forelimb and right 4 (Figure legend continued.) Tat-K13 (10 M), but not the control peptide Tat-K289 (10 M), decreased the number of neurons displaying nuclei condensation/fragmentation (C, n ϭ 8 culture wells per group, from three independent experiments, four visual fields were randomly selected from each culture well and averaged; scale bar, 20 m) and reduced LDH release (D, n ϭ 27 culture wells per group, from three independent experiments). Both assays were performed at 6 h after NMDA stimulation (25 m for 1 h). E, In vitro PTEN lipid phosphatase activity assays revealed that within the concentration tested (10 M), neither the interfering peptide Tat-K13 nor the control peptide Tat-K289 had significant effects on the production of free phosphates from the lipid substrate PIP 3 by recombinant PTEN (n ϭ 3). Bars represent the group means, and error bars represent SD. Post hoc analysis compares treatment groups with control group after significant one-way ANOVA or Kruskal-Wallis on ranks, and significance is defined as *p Ͻ 0.05, **p Ͻ 0.01.
forelimb, respectively, and the readings were averaged to get the mean grip strength for each forelimb. The strength of the impaired forelimb (contralateral to stroke side) was calculated as the percentage of the intact forelimb's performance (ipsilateral to stroke side). Then, the improvement of motor function was expressed as the ratio between the grip strength measured at 28 d (post-test) and that measured at 1 d (pre-test) following middle cerebral artery ligation surgery.
Statistical analysis. All data were tested for normality distribution fitting by the Shapiro-Wilk test and for equal variance by Levene median test. When values were normally distributed and groups had identical variance, we used a one-way ANOVA, followed by Tukey's HSD post hoc test when appropriate. When data did not meet the above ANOVA assumptions, we used nonparametric ANOVA (Kruskal-Wallis one-way ANOVA on ranks) for multiple-group comparisons and Mann-Whitney rank sum test for two-sample comparison. Data were expressed as mean ϮSD. Statistical significance was defined as *P Ͻ 0.05, **P Ͻ 0.01.
Results

Excitotoxic NMDA stimulation increases PTEN nuclear translocation in cultured neurons
To determine whether excitotoxic stimulation increases nuclear translocation of PTEN, we used a NMDA-induced excitotoxicity protocol in cultured cortical neurons in vitro using two independent neuronal death assays, nuclear staining and LDH release ( Fig. 1 A, B) . Nuclear staining of neurons can reveal nuclei condensation/fragmentation, which is one of the most commonly used indicators for cell apoptosis (Hardingham et al., 2002; Wang et al., 2004) , whereas the LDH assay can allow for the nonbiased quantitative identification of both apoptotic and necrotic neuronal damage (Koh and Choi, 1987; Liu et al., 2007) . As previously reported Taghibiglou et al., 2009) , NMDA (25 M; 1 h) resulted in significant neuronal damage as evidenced by the increased numbers of neurons with condensed/fragmented nuclei (Figs. 1A, 2C for quantification) and the elevated extracellular levels of LDH, 6 h after stimulation (Kruskal-Wallis one-way analysis on ranks, H 3 ϭ 15.217, p ϭ 0.002) (Fig. 1B) . The NMDA-induced neuronal damage is mediated through NMDARs, as the increased LDH release was blocked by coapplication of the NMDAR antagonist AP5 (50 M) (NMDA, 212.6 Ϯ 29.0% of control, n ϭ 7 culture dishes per group, from seven independent experiments, Dunn's Method, versus control, p Ͻ 0.01; AP5 ϩ NMDA, 100.9 Ϯ 11.9%, n ϭ 7, versus control, p Ͼ 0.05) (Fig. 1B) .
Next, we investigated whether this NMDA challenge results in an increase in PTEN nuclear translocation using cytoplasm/nuclei fractionation techniques and Western blotting. To confirm the successful separation of the respective cytoplasmic and nuclear fractions, blots were reprobed with corresponding cytoplasmic and nuclear protein markers, heat shock protein 90 (Hsp90) and lamin B1, respectively (Fig. 1C) . The results revealed that stimulation of cultured neurons with NMDA produced a marked increase in nuclear PTEN levels, a process which could be prevented by coapplication of the NMDAR antagonist AP5 (50 M) (one-way ANOVA, F (3,12) ϭ 50.318, P Ͻ 0.001; NMDA, 345.9 Ϯ 50.0% of control, n ϭ 4 culture dishes per group, from four independent experiments, Tukey's HSD test, versus control, p Ͻ 0.001; AP5 ϩ NMDA, 103.7 Ϯ 36.3%, n ϭ 4, versus control, p ϭ 0.999) (Fig. 1C ). This enhanced PTEN nuclear translocation is primarily mediated by neuronal death-associated NR2B-containing NMDA receptors (NR2BRs), as PTEN nuclear translocation was blocked by pretreatment with the NR2BR antagonist Ro25-6981 (0.5 M), but not affected by inhibition of the survival-promoting NR2A-containing NMDA receptors (NR2ARs) with the NR2AR antagonist NVP-AAM077 (0.4 M) (Fig. 1D) Okamoto et al., 2009; Tu et al., 2010; Lai et al., 2011) . This is consistent with a potential role for NMDAR-induced PTEN nuclear translocation in mediating excitotoxic neuronal injuries. Moreover, a detailed time course study revealed that the NMDA-induced PTEN nuclear translocation was time-dependent, reaching a peak 6 -9 h after treatment, and returning to control levels within 24 h (n ϭ 2 culture dishes per group, from two independent experiments) (Fig. 1E) . Thus, PTEN nuclear translocation appears to be a delayed signaling cascade downstream of activation of NR2B-containing NMDARs.
PTEN nuclear translocation is an essential step leading to NMDAR-mediated neuronal death As a lipid phosphatase, a major function of PTEN is to convert PI(3,4,5)P 3 into PI(4,5)P 2 , hence antagonizing the PI3 kinase/ Akt cell survival signaling pathways (Maehama and Dixon, 1998; Lee et al., 1999) . Consequently, one can expect that NMDAinduced PTEN nuclear translocation may result in an alteration in the nuclear levels of PIP 3 and Akt activity (that could be gauged by the levels of phosphorylated Akt). Consistent with this conjecture, we observed a marked drop in nuclear PIP 3 levels 6 h after NMDA treatment (NMDA, 58.7 Ϯ 14.6% of control, n ϭ 5 culture dishes, Mann-Whitney Rank Sum, U ϭ 0.000, T ϭ 40.000, p ϭ 0.008) (Fig. 1F ) , and a dramatic reduction in nuclear levels of phospho-Akt Ser473 versus total Akt at 9 h post-NMDA stimulation (NMDA, 33.2 Ϯ 12.4% of control, n ϭ 3 culture dishes, t test, t ϭ 6.579 with 4 degrees of freedom, p ϭ 0.003) (Fig. 1G) . The results not only provide further evidence for NMDA-induced PTEN nuclear translocation, but also suggest that nuclear PTEN, like its cytoplasmic counterpart, may function as a lipid phosphatase of PIP 3 in the nucleus and hence negatively regulate the nuclear pool of PI3K-Akt cell survival promoting signaling pathways. To further address whether the phosphatase activity of nuclear PTEN causatively contributes to NMDA-induced excitotoxic neuronal damage, we next examined NMDA excitotoxicity in cultured neurons transfected with either wild-type GFP-PTEN WT or a phosphatase-dead mutant GFP-PTEN C124S (Maehama and Dixon, 1998) . For these constructs to be preferentially expressed in the nucleus, both constructs were fused to a well characterized classic NLS . NLS can direct its fusion protein into the nucleus to achieve nuclear enrichment. As shown in Figure 1H , nuclear overexpression of the phosphatasedead PTEN (NLS-GFP-PTEN C124S ) functioned as a dominant negative inhibitor, reducing NMDA-induced excitotoxicity as demonstrated by the significant decrease in the nuclear condensation/fragmentation of these transfected neurons in comparison with those transfected with either wild-type PTEN or control plasmid GFP (one-way ANOVA, F (2,33) ϭ 9.483, P Ͻ 0.001; GFP, 33.2 Ϯ 4.7% neuronal death, n ϭ 12 culture wells per group, 25 neurons in each culture well were counted, from three independent experiments; NLS-GFP-PTEN WT , 32.7 Ϯ 8.9%, n ϭ 12; NLS-GFP-PTEN C124S , 22.0 Ϯ 7.0%, n ϭ 12; Tukey's HSD test, GFP versus NLS-GFP-PTEN C124S , p ϭ 0.002; NLS-GFP-PTEN WT versus NLS-GFP-PTEN C124S , p ϭ 0.002) (Fig. 1H ) . Thus, the increased PTEN nuclear translocation following NMDA stimulation appears an essential step leading to NMDAinduced excitotoxic neuronal damage.
Recent studies using a number of cancer cell lines provide strong evidence supporting a critical role of monoubiquitination of lysine residues K13 and K289 in mediating PTEN nuclear accumulation (Trotman et al., 2007; . To investigate whether these two lysine residues are also essential for neuronal PTEN nuclear translocation, neurons were transfected with PTEN mutants containing a lysine-to-arginine mutation at either lysine residue (K13R and K289R). As shown in Figure 2A , in neurons transfected with either the wild-type PTEN (GFP-PTEN WT ) or K289R mutant (GFP-PTEN K289R ), the GFP signal exhibited a relatively even distribution in both nuclear and cytoplasmic compartments (GFP-PTEN WT , the ratio between nuclear and cytoplasmic PTEN signal being 119.0 Ϯ 21.8%, n ϭ 33 neurons per group, from three independent experiments; GFP-PTEN K289R , 128.2 Ϯ 24.9%, n ϭ 33) ( Fig. 2A) . In contrast, in neurons transfected with the K13R mutation (GFP-PTEN K13R ), the GFP signal was predominantly cytoplasmic, being excluded from the nucleus (GFP-PTEN K13R , 42.1 Ϯ 18.2%, n ϭ 33; KruskalWallis one-way analysis on ranks, H 2 ϭ 64.507, P ϭ Ͻ 0.001; post hoc Tukey's HSD test, GFP-PTEN WT versus GFP-PTEN K289R , p Ͼ 0.05; GFP-PTEN WT versus GFP-PTEN K13R , p Ͻ 0.01) (Fig.  2A) . These results strongly suggest that unlike previous observations in cancer cell lines (Trotman et al., 2007; , only the K13 residue (but not the K289 residue) appears critically important for PTEN nuclear accumulation in neurons.
To further confirm the essential role of K13 residue in NMDAinduced PTEN nuclear localization, we next designed two interfering peptides that flank the K13 residue (KEIVSRNK 13 RRYQED) and K289 residue (GPEETSEK 289 VENGS) of PTEN, respectively. We hypothesize that the K13 peptide may competitively inhibit PTEN mono-ubiquitination at the K13 residue, and hence block PTEN nuclear translocation in neurons. In contrast, as the K289 residue is not required for PTEN nuclear translocation in neurons ( Fig. 2A) , the K289 peptide may not affect PTEN nuclear translocation. Both peptides were rendered membrane permeable by fusion of them with the cell-membrane transduction domain of the human immunodeficiency virus-type 1 (HIV-1) Tat protein (GRKKRRQRRR) (Schwarze et al., 1999; Aarts et al., 2002; Borsello et al., 2003; Taghibiglou et al., 2009) . Consistent with our predictions, the results of nuclei/cytoplasm fractionation on primary neuronal cultures demonstrated that the NMDA-triggered PTEN nuclear accumulation could be abolished by Tat-K13 coapplication (10 M), but not by Tat-K289 (10 M) (one-way ANOVA, F (5,18) ϭ 23.809, p Ͻ 0.001; NMDA, 267.3 Ϯ 25.5% of control, n ϭ 4 culture dishes per group, from four independent experiments, Tukey's HSD test, versus control, p Ͻ 0.001; K13ϩNMDA, 126.2 Ϯ 34.1%, n ϭ 4, versus control, p ϭ 0.828; K289 ϩ NMDA, 234.0 Ϯ 49.6%, n ϭ 4, versus control, p Ͻ 0.001) (Fig. 2B) . These results further confirm that the K13 residue (but not the K289 residue) is critically important for NMDA-induced PTEN nuclear translocation in neurons, and indicate that the Tat-K13 peptide is an effective inhibitor for blocking PTEN nuclear translocation.
The ability of Tat-K13 to efficiently prevent NMDA-induced PTEN nuclear translocation suggests that it may be an effective neuroprotectant for excitotoxic neuronal injuries. We first tested this in neuronal cultures undergoing NMDA-induced excitotoxic neuronal damage using both nuclear condensation (Fig.  2C ) and LDH release (Fig. 2D ) assays. Our results revealed that pretreatment of the cultured neurons with Tat-K13 (10 M), but not Tat-K289 (10 M), prevented the NMDAR-mediated neuronal damage. As shown in Figure 2C , NMDA treatment triggered a significant increase in the percentage of neurons displaying condensed/fragmented nuclei (one-way ANOVA, F (5,42) ϭ 14.254, p Ͻ 0.001; control, 40.3 Ϯ 6.1% neuronal death, n ϭ 8 culture wells per group, from three independent experiments; NMDA, 60.0 Ϯ 8.4%, n ϭ 8; Tukey's HSD test, p Ͻ 0.001) (Fig. 2C) . This enhanced apoptosis was blocked by pretreatment of neurons with Tat-K13, but not with Tat-K289 (K13ϩNMDA, 39.6 Ϯ 7.9%, n ϭ 8, versus control, p ϭ 1.000; K289ϩNMDA, 58.7 Ϯ 6.9%, n ϭ 8, versus control, p Ͻ 0.001) (Fig. 2C) . Moreover, evidence from the LDH assay also confirmed that Tat-K13 possessed a strong neuroprotective effect against NMDA insult (KruskalWallis one-way analysis on ranks, H 5 ϭ 128.957, P ϭ Ͻ 0.001) (Fig. 2D) . The NMDA-triggered LDH release was prevented by coapplication of Tat-K13, but not Tat-K289 (NMDA, 270.0 Ϯ 34.6% of control, n ϭ 27 culture wells per group, from 3 independent experiments, Tukey's HSD test, versus control, p Ͻ 0.01; K13ϩNMDA, 139.0 Ϯ 24.2%, n ϭ 27, versus control, p Ͼ 0.05; K289ϩNMDA, 256.5 Ϯ 35.4%, n ϭ 27, versus control, p Ͻ 0.01) (Fig. 2D) . To further confirm that the neuroprotective effect of Tat-K13 is primarily mediated by inhibiting the PTEN nuclear translocation rather than affecting PTENЈs lipid phosphatase activity in the cytoplasm, we conducted an in vitro PTEN lipid phosphatase activity assay using the malachite green method. The results showed that within the concentration tested (10 M), neither the interfering peptide Tat-K13 nor the control peptide Tat-K289 had any notable effect on the lipid phosphatase activity of PTEN toward PIP 3 , suggesting that the newly developed Tat-K13 interfering peptide likely represents a novel therapeutic neuroprotectant which may avoid potential side effects due to altering enzymatic functions of PTEN (Fig. 2E ).
Enhanced PTEN nuclear translocation contributes to ischemic neuronal injuries following a focal ischemic brain insult in vivo
As excessive activation of NMDARs is regarded as one of the major causes for neuronal injuries during ischemic stroke (Lucas and Newhouse, 1957; Olney, 1969; Rothman, 1983 Rothman, , 1984 Simon et al., 1984; Lipton and Rosenberg, 1994; Aarts et al., 2002; Arundine and Tymianski, 2004; Lai et al., 2011) , we next tested whether PTEN nuclear translocation occurs following ischemic brain insults, and if so, whether Tat-K13 can prevent the ischemia-induced PTEN nuclear translocation, thereby reducing ischemia-induced neuronal injury. Here, we used a well characterized in vivo rat stroke model, which involves transient occlusion of the distal MCA (Chen et al., 1986; Shyu et al., 2008) .
To test whether an ischemic insult can trigger PTEN nuclear translocation in vivo, rats were challenged with a 90 min transient ischemic event, then allowed to recover for various periods of time ranging from 2 to 24 h post-ictus. Nuclear fractionation assays revealed a time-dependent increase in PTEN nuclear accumulation in the brain tissues of the ischemic area containing both the core and penumbra regions, when compared with the corresponding area from the contralateral brain region (Fig. 3A) . The levels of nuclear PTEN in the ischemic brain area gradually increased following ischemic challenge, reaching a peak at 12 h and returning to baseline levels within 24 h after stroke onset (Fig. 3A, right) .
To determine whether the Tat-K13 following systemic application can prevent the ischemic nuclear PTEN translocation and hence reduce the ischemic neuronal injuries, we first tested whether Tat-K13, following systemic application, could enter neurons in the ischemic penumbra using a fluorophore-tagged peptide Tat-K13-carboryfluorescein. As shown in Figure 3B , this fluorescent Tat-K13 (10 mg/kg, i.v.) administered 6 h after stroke onset not only effectively entered the brain, but was enriched in neurons in the infarct area within 1 h following application (Fig.  3B ). This apparent enrichment in the infarct brain area is likely due to a transient increase in blood-brain-Barrier leakage following ischemic insults (Belayev et al., 1996; Fernandez-Lopez et al., 2012) These results indicate that post-stroke systemic admin-istration could effectively deliver this peptide into neurons in the ischemic/infarct regions of the brain.
Having proved the effective delivery of the peptide into ischemic regions, we next tested whether the Tat-K13 peptide could inhibit the ischemia-induced PTEN nuclear translocation in vivo.
As most stroke patients arrive at hospital several hours after stroke onset, any clinically relevant treatment should have therapeutic efficacy even when given several hours after stroke onset. Given that PTEN nuclear accumulation peaks ϳ12 h post-ictus (Fig. 3A) and Tat-peptide administered through intravenous in- Figure 3 . Enhanced PTEN nuclear translocation contributes to ischemic neuronal injuries following a focal ischemic brain insult in vivo. Mature Sprague Dawley rats were challenged with a 90 min focal ischemic event by a transient ligation of the right MCA and bilateral CCAs, and then allowed to recover for various periods of time as indicated. A, Ischemic insult triggered a time-dependent PTEN nuclear translocation in the infarct cortical area. Left, Representative coronal scanning image of MRI taken at day 7 from a saline-treated control stroke rat showed a well defined infarct (white) area. Right, Sequential probing of nuclei fractions for PTEN and nuclear protein lamin B1 from the infarct areas (the white square area indicated on the left) taken at various time points following stroke, showed a time-dependent increase in PTEN nuclear translocation, which reached a peak 12 h after stroke and returned to baseline levels within 24 h (n ϭ 2 rats per group). B, Systemic application of Tat-K13 effectively entered neurons in the brain, including neurons in the ischemic penumbra region. Fluorescent peptide Tat-K13-Carboryfluorescein (10 mg/kg, i.v.) was applied 6 h after stroke insult, and brain sections were processed 1 h after the peptide administration. Left, The image of triphenyltetrazolium chloride (TTC) staining (1-mm-thick coronal brain section) revealed an observable infarct area in the sensorimotor cortex in the insult side of the brain. Right, Fluorescent microscopic images were taken from sections immediately adjacent to the TTC stained section on the left. The image (taken at 2.5ϫ magnification) of the infarct area in a 1-mm-thick brain section corresponds to the area indicated by the white box in the TTC section on the Left, and showed that the peptide not only entered the brain, but also appeared to be particularly enriched in the infarct region. Images of a 20-m-thick brain section of the infarct region taken at high magnifications (20ϫ or 40ϫ) further confirmed the successful transduction of the peptide into individual cells in the ischemic area. C, Application of Tat-K13 peptide at 6 h after ictus reduced the stroke-triggered PTEN nuclear translocation. Sequential probing of nuclei fractions for PTEN (N-PTEN) and nuclear protein lamin B1 from the infarct regions showed that Tat-K13 (K13; 10 mg/kg, i.v.), but not its control Tat-K13R (K13R; 10 mg/kg, i.v.), significantly decreased the ischemia-induced PTEN nuclear translocation when assayed at 12 h after stroke (n ϭ 6 rats per group). D, Representative MRI scanning images from rostral (top) to caudal (bottom) levels were taken at day 7 from rats subjected to a 90 min transient focal ischemic insults and received various treatments as indicated. Bar graph on the right summarizes results from 10 rats in each group. Tat-K13 (K13; 10 mg/kg, i.v.) given at either 2 or 6 h after stroke-onset significantly reduced infarct areas in comparison with the control peptide Tat-K13R (K13R; 10 mg/kg, i.v.) or Tat-K289 (K289; 10 mg/kg, i.v.), or saline administered at 2 h after stroke onset. E, FDG-PET scanning taken at day 7 from the same groups of animals in D revealed a striking recovery in brain glucose metabolic activities in the infarct areas of animals receiving Tat-K13 in comparison with that in animals receiving the control peptide Tat-K13R or Tat-K289, or saline. The color scale (left) represents relative levels of glucose metabolism, from high (red) to low (blue). Bars represent the group means, and error bars represent SD. Post hoc analysis compares treatment groups with control (saline) group after significant one-way ANOVA or Kruskal-Wallis on ranks, and significance is defined as *p Ͻ 0.05, **p Ͻ 0.01. jection can quickly reach therapeutic concentrations in the brain within 1 h (Fig. 3B) (Aarts et al., 2002; Taghibiglou et al., 2009; Cook et al., 2012) , systemic application of Tat-K13 at 6 h postictus should allow a sufficient time to inhibit the major portion of the ischemia-induced PTEN nuclear translocation. To further confirm the specificity of Tat-K13 peptide, we also developed another control peptide Tat-K13R in which the lysine 13 residue (K13) was replaced with an arginine (R13). The conversation of K13 into R13 should render Tat-K13R incapable of competing with endogenous PTEN mono-ubiquitination on the K13 site, and hence function as an inactive control for Tat-K13. As predicted, intravenous application of Tat-K13, but not Tat-K13R (10 mg/kg, i.v.) at 6 h after stroke onset significantly suppressed the ischemia-induced PTEN nuclear translocation when assayed 12 h after stroke onset (one-way ANOVA, F (2,15) ϭ 24.033, P Ͻ 0.001) (Fig. 3C) . Nuclear PTEN levels in the Tat-K13-treated rats was reduced to 65.3 Ϯ 7.6% of the saline-treated group, whereas nuclear PTEN levels in the Tat-K13R-treated rats were statistically similar to saline controls (saline, n ϭ 6 rats per group; K13, n ϭ 6; Tukey's HSD test, p Ͻ 0.001; K13R, 88.8 Ϯ 7.3% of saline control, n ϭ 6, versus control, p ϭ 0.106) (Fig. 3C) . These results confirmed that PTEN nuclear translocation is a relatively delayed cellular process following stroke onset, one that can be inhibited by a post-stroke treatment with Tat-K13.
To examine the causative link between ischemia-induced PTEN nuclear translocation and ischemic neuronal death, we inhibited PTEN nuclear translocation with systemic intravenous administration of Tat-K13, or with Tat-K13R or Tat-K289 serving as controls. We administered the first dose of Tat-K13 (10 mg/kg, i.v.) to treatment groups at either 2 or 6 h post-ictus, and gave Tat-K13R or Tat-K289 (10 mg/kg, i.v.) to control groups at 2 h post-ictus. To increase the efficacy of the peptide, we also gave two additional doses of each peptide at days 2 and 3 following stroke. The long-lasting morphological neuroprotective effects of the peptides were then assessed using MRI 7 d after stroke onset. As shown in Figure 3D , MRI scanning revealed that rats treated with Tat-K13, regardless of whether it was given at 2 or 6 h postictus, had dramatically reduced brain infarct volumes compared with saline-treated rats (Kruskal-Wallis one-way analysis on ranks, H 4 ϭ 38.639, P ϭ Ͻ 0.001; saline control, 170.9 Ϯ 18.7 mm 3 , n ϭ 10 rats per group; K13 (2 h), 67.7 Ϯ 17.5 mm 3 , n ϭ 10, Tukey's HSD test, versus saline, p Ͻ 0.01; K13 (6 h), 67.4 Ϯ 15.9 mm 3 , n ϭ 10, versus saline, p Ͻ 0.01) (Fig. 3D) . In contrast, post-ictus treatment of control peptides (Tat-K13R and Tat-K289), displayed little protective effects against ischemiainduced brain infarction [K13R (2 h), 160.9 Ϯ 5.7 mm 3 , n ϭ 10, versus saline, p Ͼ 0.05; K289 (2 h), 151.2 Ϯ 8.0 mm 3 , n ϭ 10, versus saline, p Ͼ 0.05] (Fig. 3D) .
We then examined whether Tat-K13 also provides a corresponding functional protection of neurons from the ischemic insults by measuring the recovery of neuronal glucose uptake with FDG-PET 7 d after stroke onset. Consistent with the MRI results, FDG-PET scanning also revealed a significant recovery in FDG uptake deficits in the ischemic hemisphere in the two groups of rats treated with Tat-K13 in comparison with rats treated with saline [one-way ANOVA, F (4,45) ϭ 246.269, p Ͻ 0.001; saline control, 78.4 Ϯ 4.8% deficit, n ϭ 10 rats per group; K13 (2 h), 25.6 Ϯ 7.8% deficit, n ϭ 10, Tukey's HSD test, versus saline, p Ͻ 0.001; K13 (6 h), 20.2 Ϯ 6.3% deficit, n ϭ 10, versus saline, p Ͻ 0.001] (Fig. 3E) . In contrast, no obvious recovery was observed in rats treated with either control peptide [K13R (2 h), 73.2 Ϯ 3.4% of deficit, n ϭ 10, versus saline, p ϭ 0.267; K289 (2 h), 71.5 Ϯ 5.3% of deficit, n ϭ 10, versus saline, p ϭ 0.07] (Fig. 3E) . Together, MRI and PET acquisitions suggest that Tat-K13, by blocking PTEN nuclear accumulation, strongly protects neurons against ischemic injuries.
It is clinically important to know whether a neuroprotectant, in addition to providing neuronal protection, will have a longlasting behavioral benefit in stroke patients. We therefore also examined whether the post-stroke Tat-K13 treatments provide neurobehavioral benefits using three typical sensorimotor assessments, the biased body swing, locomotor activity, and grip strength measurements, which are often used to evaluate the functional recovery of cortical neural circuits damaged by focal ischemic insult (Dunnett et al., 1998; Chang et al., 2003; Shyu et al., 2008) . Over the 4 week recovery period following stroke challenge, the body swing test revealed that rats treated with Tat-K13 (both 2 and 6 h groups) exhibited a much faster recovery in the body asymmetric motor behavior than those treated with saline or either of the control peptides (Fig. 4A) . By day 28, rats treated with Tat-K13 had largely recovered from the body asymmetry deficit [Kruskal-Wallis one-way analysis on ranks, H 4 ϭ 38.017, P ϭ Ͻ 0.001; saline control, 44.4 Ϯ 6.0% recovery, n ϭ 10 rats per group; K13 (2 h), 90.8 Ϯ 2.8% recovery, n ϭ 10, Tukey's HSD Figure 4 . Post-stroke treatment with Tat-K13 peptide improves motor behavioral performances after a focal ischemic brain insult in vivo. Focal ischemia and peptide applications were as described in Figure 3 (n ϭ 10 in each group). A, Biased body swing tests revealed that animals receiving post-stroke treatment of Tat-K13 (both 2 and 6 h groups) exhibited a much faster recovery than those treated with saline or control peptides over the 4 week recovery period following stroke. B, Tat-K13 peptide, but not its control peptides, dramatically promoted the locomotor activity recovery of the stroke rats in comparison with saline treatment. The locomotor activity (vertical movement time) was automatically measured using a computerized locomotor box within a 2 h observation period over the 4 week recovery period following stroke. C, The grip strength test showed that animals receiving Tat-K13 treatments (both 2 and 6 h groups) had a much better grip strength performance than those receiving control peptides or saline at 28 d after stroke. Together, these behavioral tests suggest a long-lasting therapeutic effect of Tat-K13 peptide on improving the motor functions. Bars represent the group means, and error bars represent SD. Post hoc analysis compares treatment groups with control (saline) group after significant one-way ANOVA or Kruskal-Wallis on ranks, and significance is defined as *p Ͻ 0.05, **p Ͻ 0.01.
test, versus saline, p Ͻ 0.01; K13 (6 h), 88.9 Ϯ 4.3% recovery, n ϭ 10, versus saline, p Ͻ 0.01] (Fig. 4A) . In contrast, those treated with either control peptide (Tat-K13R or Tat-K289) had similar performance as the saline controls [K13R (2 h), 50.0 Ϯ 5.4% recovery, n ϭ 10, versus saline, p Ͼ 0.05; K289 (2 h), 41.2 Ϯ 7.4% recovery, n ϭ 10, versus saline, p Ͼ 0.05] (Fig. 4A) . Similarly, the vertical movement time as monitored in a computerized locomotor chamber showed that Tat-K13-treated rats (both 2 and 6 h groups) displayed a much faster and more dramatic improvement in locomotor activity over the 4 week recovery period in comparison with the saline-treated or control peptide-treated rats (Fig. 4B) . On day 28, a one-way ANOVA analysis indicated a significant difference among the groups (one-way ANOVA, F (4,45) ϭ 361.269, p Ͻ 0.001). Post hoc comparisons (Tukey's HSD test) revealed that the vertical movement time of Tat-K13-treated rats was significantly longer than that of saline-treated rats [saline control, 200.9 Ϯ 17.2 s, n ϭ 10 rats per group; K13 (2 h), 453.6 Ϯ 23.7 s, n ϭ 10, versus saline, p Ͻ 0.001; K13 (6 h), 440.6 Ϯ 20.7 s, n ϭ 10, versus saline, p Ͻ 0.001] (Fig. 4B) . On the other hand, the locomotor activity was unaffected by control peptide treatments [K13R (2 h), 231.8 Ϯ 16.8 s, n ϭ 10, versus saline, p ϭ 0.018; K289 (2 h), 213.0 Ϯ 26.1 s, n ϭ 10, versus saline, p ϭ 0.708] (Fig. 4B) . Furthermore, results of the grip strength test also revealed a more dramatic recovery in rats treated with Tat-K13 at 28 d after stroke (Kruskal-Wallis one-way analysis on ranks, H 4 ϭ 35.840, P ϭ Ͻ 0.001) (Fig. 4C) . Tat-K13 treatment, regardless at 2 or 6 h post-ictus, dramatically enhanced the grip strength recovery compared with saline treatment, whereas control peptides exhibited no protective effect [saline control, 0.70 Ϯ 0.23 post/pre grip strength, n ϭ 10 rats per group; K13 (2 h), 1.72 Ϯ 0.14, n ϭ 10, Tukey's HSD test, versus saline, p Ͻ 0.01; K13 (6 h), 1.65 Ϯ 0.13, n ϭ 10, versus saline, p Ͻ 0.01; K13R (2 h), 0.70 Ϯ 0.11, n ϭ 10, versus saline, p Ͼ 0.05; K289 (2 h), 0.74 Ϯ 0.11, n ϭ 10, versus saline, p Ͼ 0.05] (Fig. 4C) . Together, our results in the rat model of stroke strongly indicate that Tat-K13 not only reduces brain infarct size, but also improves the functional neurological circuits damaged by ischemic insults.
Discussion
Our present study identifies increased PTEN nuclear translocation as an essential step in signaling cascades leading to NMDAR/ ischemia-mediated neuronal injuries. We provide several pieces of evidence supporting a causative role of PTEN nuclear translocation in mediating neuronal injuries: (1) PTEN nuclear translocation is downstream of a NR2B-containing NMDAR mediated cell death signaling pathway (Fig. 1D) (Lai et al., 2011) ; (2) nuclear overexpression of dominant negative mutant PTEN reduces NMDAR-mediated excitotoxicity (Fig. 1H ) ; and (3) most importantly, specific blockade of PTEN nuclear translocation with the Tat-K13 peptide prevents NMDAR-mediated excitotoxicity in cultured neurons (Fig. 2) and protects against ischemic brain damage in vivo (Figs. 3, Fig. 4) . Thus, increased PTEN nuclear translocation appears an essential step leading to excitotoxic/ ischemic neuronal death. Our study is in agreement with a recent report that reduction in nuclear PTEN import promotes nuclear TDP-43-mediated neuronal survival (Zheng et al., 2012) . Moreover, our study is also consistent with two recent reports on axonal regenerative and neuroprotective effects of PTEN ablation (Domanskyi et al., 2011; Sun et al., 2011) . The advantage of the neuroprotection induced by Tat-K13 peptide over PTEN ablation methods is that Tat-K13 does not interfere with the cytoplasmic functions of PTEN, whereas deletion of PTEN abrogates all of its functions. It is interesting to note that a recent study using Nedd4 family-interacting protein 1 (Ndfip1) conditional knockout animals also reported a parallel reduction in PTEN nuclear translocation and an increase in neuronal vulnerability following ischemic insults (Howitt et al., 2012) . However, as an E3 ligase adaptor protein, knock-out of Ndfip1 would not only affect PTEN, but numerous substrates of the E3-ligase Nedd4. Thus, it is most likely that the increased neuronal vulnerability observed in Ndfip1
Ϫ/Ϫ is due to its impact on one or more cell survival signaling pathways, rather than decreasing PTEN nuclear translocation.
It is also significant to note that several recent studies also reported an essential role of PTEN nuclear translocation in PTENЈs tumor suppressing function. Using several cancer cell lines and human cancer specimens, these studies demonstrated that impaired PTEN nuclear translocation causally contributes to tumorigenesis of various types of cancers (Georgescu et al., 2000; Gimm et al., 2000; Whiteman et al., 2002; Walker et al., 2004; Trotman et al., 2007) . Recent studies on human glioblastoma and Cowden's disease identified two PTEN mutants (K13E and K289E) which retain normal lipid phosphatase activity but fail to translocate into the nucleus, leading to impaired PTEN tumor suppressing ability during tumorigenesis (Georgescu et al., 2000; Walker et al., 2004; Trotman et al., 2007) . Even more strikingly, in the thyroid, normal follicular cells are characterized by stronger PTEN staining in the nucleus than in the cytoplasm, whereas the nuclear staining intensity of PTEN progressively diminishes during progression from normal to follicular adenoma to carcinoma (Gimm et al., 2000) . A similar trend has also been observed in melanoma progression (Whiteman et al., 2002) . These results, along with that presented in this work, clearly establish that normal function of PTEN nuclear translocation is a critical mechanism in regulating cell survival and death, one that is shared between tumorigenesis and neurodegeneration. Impaired PTEN nuclear translocation may lead to the failure in suppression of cell growth, contributing to the pathogenesis of various cancers. On the other hand, overexaggerated PTEN nuclear translocation can enhance cell death, leading to neurodegeneration. Thus, further characterization of how PTEN nuclear translocation regulates cell survival and death may lead to a better understanding of the mechanisms underlying the pathogenesis of both tumorigenesis and neurodegeneration.
Our current study revealed an essential role of PTEN nuclear translocation in mediating excitotoxic and ischemic neuronal death. However, the detailed mechanisms by which nuclear PTEN increases the vulnerability of neurons to excitotoxicity and ischemia remain unclear. Evidence from previous cancer studies suggests that nuclear PTEN may function as a nuclear PIP 3 phosphatase and consequently antagonize nuclear PI3K/Akt prosurvival signaling pathways (Gimm et al., 2000; Deleris et al., 2003; Ahn et al., 2004 Ahn et al., , 2005 Vasko et al., 2004) . In pheochromocytoma cells (PC12), nuclei extracts pretreated with purified PTEN showed increased DNA fragmentation in response to apoptotic stimulation, which could be rescued by an oversupply of PIP 3 (Ahn et al., 2004 (Ahn et al., , 2005 . Moreover, during thyroid tumorigenesis, the level of nuclear PTEN was found to be inversely correlated to that of activated nuclear Akt during the progression from the normal thyroid follicular cells to adenoma to carcinoma (Gimm et al., 2000; Vasko et al., 2004) . These results are in harmony with our observation that NMDA stimulation resulted in a sharp drop in nuclear levels of PIP 3 and phospho-Akt, and this NMDAinduced neurotoxicity was inhibited by nuclear overexpression of dominant negative mutant PTEN C124S . Therefore, it is very plausible to speculate that nuclear PTEN may mediate excitotoxic neuronal death through antagonizing nuclear PIP 3 /Akt survival signaling pathways. In addition, nuclear PTEN may exert its neurotoxic actions via a PIP 3 -independent mechanism. Recent studies found that PTEN can form a physical complex with p53 in the nucleus, thereby protecting p53 from ubiquitination-mediated degradation and facilitating p53-dependent apoptosis (Freeman et al., 2003; Tang and Eng, 2006) . Further examination of the detailed mechanisms by which PTEN nuclear translocation increases neuronal vulnerability may lead to the identification of novel targets for developing therapeutic neuroprotectants.
The mechanisms mediating excitotoxic/ischemic neuronal death are complicated processes, and multifactors and steps have been suggested (Lipton, 1999; Lai et al., 2011) . The rather striking neuroprotective effectiveness of PTEN nuclear translocation inhibition raises an interesting question as how to relate PTEN nuclear translocation to these molecules and steps previously implicated in excitotoxic/ischemic signaling pathways. Because PTEN nuclear translocation is a relatively delayed step causing ischemic neuronal damage (reaching a peak at 12 h post-ictus), PTEN might be a later common step where several NMDAR down-stream signaling cascades, including early cytosolic signaling molecules such as NR2B-PSD95 (Jurado et al., 2010) and later nuclear factors, such as TPD-43 (Zheng et al., 2012) , converge to induce neuronal damage. This could partially explain why the Tat-K13 peptide has an effective post-stroke therapeutic window of Ͼ6 h. Furthermore, it is significant to point out that in addition to NMDAR-mediated excitotoxicity, PTEN nuclear translocation is also a critical step in non-NMDAR-mediated cell death mechanisms (Freeman et al., 2003; Chung and Eng, 2005; Tang and Eng, 2006; Shen et al., 2007) . Increasing evidence supports the idea that some non-NMDAR-mediated mechanisms, such as free radical generation and p53 overactivation (whether secondary to or independent of NMDAR activation), may contribute significantly to brain damage, particularly following severe stroke insults (Lipton, 1999; Aarts et al., 2002; Leker et al., 2004) . Thus, by blocking these non-NMDAR-dependent cell death mechanisms, inhibition of PTEN nuclear translocation may not only have a wider therapeutic window, but may also be more effective than some of the previously reported NMDAR-based post-stroke neuroprotective manipulations (Lai et al., 2011) .
Through characterization of the mechanisms underlying NMDAR-mediated PTEN nuclear translocation, we developed a peptide (Tat-K13) as a specific PTEN nuclear translocation inhibitor and demonstrated that it may represent a novel effective stroke treatment. As observed using both MRI and PET imaging, it provides long-lasting morphological and functional protection of neurons against ischemic insults. Moreover, behavioral analysis further proves its ability to promote behavioral recovery. Unlike most NMDAR antagonism-based neuroprotectants previously tested in stroke clinical trials (Albers et al., 1995 (Albers et al., , 1999 (Albers et al., , 2001 Davis et al., 2000) , Tat-K13 does not affect NMDARs, but targets PTEN nuclear translocation, a delayed step in the NMDAR-mediated cell death signaling cascade. Therefore, Tat-K13 likely has a much wider post-stroke therapeutic window, with reduced side effects. Finally, as NMDAR-mediated excitotoxicity is thought to contribute to the pathogenesis of a large number of chronic neurodegenerative disorders (such as Alzheimer's and Huntington's diseases to mental illnesses) in addition to acute brain insults, such as stroke and brain trauma (Lipton and Rosenberg, 1994) , this study may have broad implications beyond stroke.
